1. Introduction {#sec0005}
===============

Early life experiences---both positive and negative---can have profound effects on brain development in mammals. Rearing environments that are enriched with good parental care, suitable protection, and engaging sensory stimulation offer resilience to insults later in life such as psychological stressors ([@bib0255]) or even pathological infection ([@bib0370]). In contrast, early life adversity (ELA) such as parental deprivation, neglect, abuse, or exposure to threats has been repeatedly shown to yield a myriad of deviations in brain circuitry, stress-responsivity, cognitive function, and general health ([@bib0010], [@bib0235], [@bib0090]). In this review, we will discuss the current progress in understanding intervening variables that underlie vulnerability, resilience, and behavior after ELA, with a focus on the evolving knowledge of neuroimmune influences. We will present findings from both human and animal research, since a comprehensive and clinically relevant view will only come from a synthesis of both realms. Models of ELA vary widely across studies, and each provides a distinct characteristic of exposure and effects. A full comparison of all models is beyond the scope of this review; therefore we will present different models throughout and highlight the implications of differences when possible.

The idea of modeling the correct kind of ELA is irrelevant, since there is no single type of exposure, and the remarkable plasticity exhibited by the brain is largely experience-dependent. For example, growing evidence from human studies strongly suggests that gray matter volume, cortical thickness, and white matter integrity are differentially altered across brain areas depending on the type of ELA exposure ([@bib0700]). Animal work has revealed that stressful experiences in general can have functionally relevant effects on dendritic arbor, spine, and synapse number in many brain regions, including the hippocampus, amygdala, and the prefrontal cortex (PFC), with effects on cognition, emotional regulation and neuroendocrine function ([@bib0480]). These effects can occur through excitotoxicity ([@bib0510]), oxidative stress ([@bib0455], [@bib0470], [@bib0675]), and inflammation ([@bib0535]). When presented early in life, these processes can prevent typical developmental patterns of innervation and receptor activity, and cause unhealthy sensitization of the immune response ([@bib0345]). For example, stress-induced activity of the immune and neuroendocrine systems ([@bib0475], [@bib0300], [@bib0670]) reportedly causes neuronal damage in areas such as the hippocampus ([@bib0625], [@bib0025], [@bib0610], [@bib0260]), striatum ([@bib0590]) and PFC ([@bib0200]). At the same time, altered neurotransmission ([@bib0315]), synaptogenesis ([@bib0005], [@bib0380]), and immune responsivity are consequences of ELA that could be interpreted as adaptations to the environment in preparation for future challenges ([@bib0715]). Indeed, ELA represents stressors that impact the brain during a time of rapid development and, importantly, during a time preceding the tumultuous period of adolescence. Here, we will explore the young but growing landscape of how neural and immune developmental trajectories that drive behavior intersect (or fail to intersect) with environmental demands over the lifespan.

ELA impacts the immune system at the time of exposure ([@bib0340], [@bib0345]), and can also alter the normal developmental trajectory of certain immunological processes (e.g., [@bib0160]). One consequence of these early alterations is a heightened immune response to stressors later in life (see [Table 1](#tbl0005){ref-type="table"}, [Table 2](#tbl0010){ref-type="table"}). The adaptive advantage of heightened immune function in response to stress can be seen from an evolutionary perspective, since a psychological stressor would typically occur alongside a threat to an animal\'s physical well-being (e.g., injury, predator). Therefore, a sensitized immune response to future stressors could better prepare an animal for future threatening environments. In one well-characterized example, a behavioral consequence of heightened inflammation is the phenomenon of sickness behavior. The lethargy, social avoidance, and anhedonia associated with being exposed to an immunostimulant (e.g., a pathogen) can be viewed as a part of the organism\'s effort to recruit all of its resources for fighting against the invading pathogen and overcoming the disease ([@bib0335]). Sickness behavior purportedly shares phenomenology and immunological physiology with major depressive disorder ([@bib0770]). In this very simple sequence, we begin to see a role of immunity in ELA-attributable depression. Therefore, the life-long consequences of ELA could be viewed very differently as either a result of, or a response to, these stressful experiences. This conceptual distinction is worthy of attention as we attempt to understand the what\'s and why\'s of vulnerability to mental illness after ELA.Table 1Rodent studies of ELA inflammatory effects. Papers were identified using search terms "early life stress" or "maternal separation" or "neonatal stress" with "inflammation" or "inflammatory", excluding transgenic models or sensitive lines (to eliminate the complication of interactive effects). White cells: infancy; shaded cells: adolescence; gray cells: adulthood.[^1][^2]Table 2Human studies of ELA inflammatory effects. Papers were identified using search terms "early life stress" or "childhood adversity" or "childhood maltreatment" or "childhood trauma" with "inflammation" or "inflammatory". Anti-inflammatory modulators are in italics. Light gray cells: childhood; shaded cells: adolescence; gray cells: adulthood.

2. Behavioral effects of early life stress across the lifespan {#sec0010}
==============================================================

ELA causes children to experience their environment as threatening, perceiving themselves as having no value and regarding the future as being not trustworthy ([@bib0230]). A history of ELA consequentially increases the risk of developing a psychiatric disorder in adulthood ([@bib0605], [@bib0595], [@bib0750], [@bib0115]). Models of plasticity such as the allostatic load and reactive scope models have been useful to understand the mechanisms underlying psychopathology after ELA ([@bib0365]). In these models, the pathological consequences of ELA have been attributed to a dysfunction in homeostasis of neural, endocrine, or immune functions. It has also been proposed that the effects of ELA on allostatic load can contribute to diathesis for stress-mediating disorders later in life ([@bib0305], [@bib0600], [@bib0190]).

Notably, ELA-exposed individuals have an earlier age of onset for several disorders such as depression and substance abuse ([@bib0020], [@bib0655]) compared to the general population. These individuals also have a greater risk of self-harm and have poorer response to treatment in comparison to non-maltreated people with same psychopathologies ([@bib0550]). These findings are indicative of the major differences between individuals affected by ELA versus later stressors, and show a need to understand the underlying biology and behavior caused by ELA over a lifespan.

3. Neuroinflammation and psychopathology {#sec0015}
========================================

The immune system has been implicated in vulnerability to psychopathologies over the lifespan. For example, many clinical studies have provided evidence for the influence of immunological activation during the prenatal or early postnatal period on behavioral, psychological and neurological consequences such as schizophrenia and Parkinson\'s disease ([@bib0085], [@bib0055], [@bib0405]). This research has shed light on how the interactive influence of the hypothalamic pituitary axis (HPA), sympathetic nervous system, and immune system can contribute to the effects of ELA.

The well-orchestrated mammalian immune system has two major kinds of immune responses: innate and adaptive. Both are responsible for detecting and regulating foreign threats, and inflammation resulting from both has been associated with psychopathology ([@bib0505], [@bib0485], [@bib0580]). The innate immune system is the first line of the host defense, and involves a rapid response of patrolling cells such as macrophages and microglia. The adaptive system is uniquely associated with the production of immune memory responses that are protective and also can be easily activated upon later encounters with specific pathogens ([@bib0130]). When these responses are inappropriately provoked, harmful inflammation is induced from pro-inflammatory cytokines such as IL-1β, IL-2, IL-6 and TNF-α secreted by activated microglia, macrophages and lymphocytes ([@bib0505], [@bib0325]). Inflammatory activity is countered by other subsets of astrocytes, T lymphocytes, macrophages and monocytes that secrete anti-inflammatory cytokines including IL-10, IL-5 and IL-4 ([@bib0530], [@bib0585], [@bib0325]). Innate and adaptive immunity both play critical roles in early development and aging ([@bib0635]), but very few studies have looked at normative lifespan development of the immune system ([@bib0660]), which may impact pathogenesis of mental illnesses.

Pro-inflammatory immune activation has been linked to psychiatric disorders such as depression, schizophrenia and obsessive--compulsive disorder ([@bib0375], [@bib0725]). For example, a meta-analysis controlling for antipsychotics revealed consistently elevated levels of several immune molecules released from macrophages, such as tumor necrosis factor (TNF)-α, interferon (IFN)-γ and interleukin (IL)-12 in cases with schizophrenia ([@bib0495]). Cell cultures obtained from individuals with schizophrenia also produced higher levels of circulating IL-8 and IL-1β, further implicating immunity in schizophrenia pathology. In obsessive--compulsive disorder studies, polymorphisms in the TNF-α gene have been described ([@bib0110]), as well as both increases and decreases in plasma TNF-α cytokine levels ([@bib0515], [@bib0215], [@bib0410]). It has been proposed that cytokine gene polymorphisms can have variable effects between individuals ([@bib0110]). In another meta-analysis, raised levels of the pro-inflammatory proteins IL-6 and C-reactive protein were significantly associated with the later development of depressive symptoms in prospective studies. In order to understand how these changes in the immune response can lead to susceptibility to a number of psychopathologies, we review the two major ways in which neuroinflammation can affect the brain: neuronal damage and altered neurotransmission.

A neuroinflammatory response typically occurs when signals involving infection or irritation are evoked in the brain, or through vagal afferents, transport of cytokines into the brain through the blood--brain-barrier (BBB), or infiltration of cytokines where the BBB is absent ([@bib0630], [@bib0560]; reviewed by [@bib0635]). Microglia are resident immune cells in the brain and are known to play a major mediating role in neuroinflammation. Although the mechanism by which neuroinflammation causes etiology of behavioral and psychological disorders is not fully understood, the damaging effects of microglial and astrocyte activation on neuron function and circuitry are being elucidated. Under normal circumstances, resting microglia continuously survey the brain parenchyma ([@bib0555]). Microglia become activated in response to various danger signals posed by neurons and/or astrocytes ([@bib0195]) and have local protective effects via regulated release of cytokines and phagocytosis of cellular debris. Under conditions of serious injury, microglia become reactive, characterized by heightened release of inflammatory mediators. When reactive, microglia can be neurotoxic and damage otherwise healthy neurons ([@bib0030]). For example, activated microglia release nitric oxide (NO) ([@bib0125]). While low levels of NO function as signaling molecules, high levels of this free radical can cause neuronal cytotoxicity ([@bib0720]). Several studies have shown that excess production of free radicals such as NO contributed significantly to neuronal loss in schizophrenia, Parkinson\'s and Alzheimer\'s disease ([@bib0465], [@bib0140], [@bib0035]), likely through excitotoxicity and apoptosis ([@bib0385]). These mechanisms may partially explain the etiology of psychopathologies that emerge after ELA. It is noteworthy that different insults may summate upon microglia and potentiate each other to worsen the outcome of the response ([@bib0765]). It is therefore plausible that ELA acts to sensitize microglia toward a lower threshold for a reactive state, leading to increased inflammatory cytokine levels and altered neurotransmission. Alternatively, activated microglia can express anti-inflammatory cytokines and play a role in tissue protection and repair.

Neuroinflammatory influences on neurotransmission and morphology also rely largely on glial activity. Activated microglia may contribute to neuroplastic changes through synaptic remodeling, excitatory transmission, and phagocytosis of newborn neurons and cellular debris (reviewed by [@bib0415]). Monoamine transmission is also affected by neuroinflammation. In activated microglia, tryptophan is metabolized by indoleamine to the NMDA agonist quinolinic acid instead of serotonin ([@bib0680]). Microglial activity has therefore been directly linked to depressive symptoms through a reduction in serotonin production ([@bib0525]). Importantly, neural-immune interactions begin during fetal development ([@bib0635]), and a growing landscape of data supports an active role for these interactions on the programming of lifelong function.

4. The neuroinflammatory link between ELA and behavioral changes {#sec0020}
================================================================

Pioneering work describing how ELA can alter immunological development was conducted in the 1980s in primates ([@bib0425], [@bib0430], [@bib0165], [@bib0155], [@bib0160]). Since then, the growing appreciation for an immunological contribution to mental illness has led to a resurgence of interest in neuroimmune interactions. [Table 1](#tbl0005){ref-type="table"}, [Table 2](#tbl0010){ref-type="table"} display studies over the past 15 years directly investigating the effect of ELA on later immune function in rodents ([Table 1](#tbl0005){ref-type="table"}) and humans ([Table 2](#tbl0010){ref-type="table"}). Despite stress paradigms, species/strain differences, and age differences, a pattern emerges suggesting ELA leads to increased pro-inflammatory responsivity in early adolescence or later. This heightened response is likely a consequence of the early response to ELA during and immediately following exposure.

4.1. Immediate immune effects of ELA {#sec0025}
------------------------------------

Measurements taken during or immediately after ELA, which understandably have largely been studied in non-humans ([Table 1](#tbl0005){ref-type="table"} and ([@bib0425], [@bib0430], [@bib0165], [@bib0160]), often reveal a *suppression* of inflammatory responses in stressed infants. Many of the studies showing immune suppression targeted the adaptive immune responses of lymphocyte proliferation, while other studies that measured circulating cytokines or macrophage proliferation ([@bib0155]) reported mixed results including an increased response in preweanlings and infants. While the peripheral response to ELA may not be an overall activation or suppression, early immune programming through ELA appears to sensitize later pro-inflammatory processes and lead to greater vulnerability to depression and anxiety in adulthood ([@bib0340]).

In the brain, glial proliferation, glial activity and direct neuronal response to cytokines are crucial for healthy brain development ([@bib0245]). The importance of immune activity during early development is gleamed from the peak of cytokine concentrations, cytokine receptor densities, and glial activity shown in rodent and ex vivo models during this period ([@bib0290], [@bib0265]). Glia-mediated mechanisms control synaptogenesis ([@bib0120], [@bib0145]), apoptosis ([@bib0250]), synaptic pruning ([@bib0685], [@bib0270]), and myelination ([@bib0565]). The impact of ELA on developmental processes therefore likely involves aberrant glial activity.

ELA from maternal separation has been shown to decrease microglial number in midbrain areas ([@bib0135]), decrease cytokine expression ([@bib0225]), and decrease acute-phase proteins like lipopolysaccharide binding protein ([@bib0735]) in the rodent brain. Taken together, it appears that suppression of glial activity during early development is the earliest neuroimmune response to ELA. Behavioral consequences have also been noted early on, as this suppressed neuroinflammation co-occurred with anhedonic and withdrawal behaviors ([@bib0340]) and altered fear learning ([@bib0105]) in rodents. However, guinea pigs that are separated from their mother exhibit a characteristic behavior that resembles sickness behavior, and is reportedly blocked with anti-inflammatory treatment ([@bib0350], [@bib0345], [@bib0570]), suggesting that pro-inflammatory processes play a role in these early responses to ELA as well. In mature animals, glucocorticoid exposure has been shown to activate neuroinflammatory processes, leading to a sensitization of microglia to a pro-inflammatory state ([@bib0260]). However, during early postnatal life, microglia display an immature phenotype ([@bib0640]) and sensitization of immature microglia to psychological stress has not been directly investigated.

Direct effects of early life infection, as elegantly presented by Bilbo and colleagues, further highlight the critical role of the immune system in brain development with particular influence from microglia. For example, healthy levels of microglial activity are necessary for phagocytosing apoptotic neurons and unneeded synapses during development ([@bib0620]; reviewed by [@bib0050]). Infection or otherwise exacerbated inflammation in neonate rats can sensitize microglia to become over-activated upon future infections in adulthood, causing impaired cognitive flexibility ([@bib0050], [@bib0745]). This is one example of how early life programming is affected by experience. Notably, neonatal infection leads to transient neuroinflammation in the brain ([@bib0445]), which differs from the apparent suppression of neuroimmune activity during ELA. It is unclear---and an important topic of investigation---how early suppression of microglial activity translates to the heightened neuroinflammatory state observed later in life after ELA. However, we will generalize here to acknowledge that altered neuronal-glial programming could incite neuronal circuitry to compensate for an unpredictable environment.

4.2. Delayed and prolonged immune effects of ELA {#sec0030}
------------------------------------------------

As mentioned above, ELA has been shown in the short-term to suppress some types of inflammatory activity in the brain and periphery; however ELA often leads to exacerbated pro-inflammatory activity later in life (see [Table 1](#tbl0005){ref-type="table"}, [Table 2](#tbl0010){ref-type="table"}). Given the important role of the immune system in normal brain development, it is not surprising that an altered trajectory of inflammatory responses will lead to atypical brain development after ELA. However, the immune-related effects of ELA are not yet fully understood. It will be important to determine whether different types or time-courses of ELA can differentially affect immunity depending on the presence of a secondary insult, the developmental stage of assessment, or the sex of the individual.

ELA has been observed to produce developmentally distinct psychiatric outcomes. In humans, externalizing disorders such as aggression and cognitive dysfunction are apparent during childhood and early-adolescence ([@bib0240]; reviewed by [@bib0320]), while disorders such as depression, schizophrenia, and drug addiction are often not observed until adolescence or early adulthood ([@bib0440], [@bib0015], [@bib0695]). The display of cognitive deficits and aggression during childhood compared to the later presence of depressive, addictive, or psychotic symptoms raises the question whether inflammatory activity after ELA prospectively affects distinct circuits in the brain at different developmental stages. Inflammatory cytokine receptors are dense in several areas controlling cognitive function such as the hippocampus ([@bib0690], [@bib0730], [@bib0185], [@bib0100]) and PFC ([@bib0205]), and pro-inflammatory interventions have been shown to directly impair cognitive processing in people ([@bib0330]). A direct relationship between aggression and proinflammatory processes in humans has also been reported ([@bib0760]). It is therefore likely that a sensitized inflammatory response yields impaired cognition and externalizing behaviors after ELA.

Depression and schizophrenia, which manifest in adolescence or later, are also purportedly linked to pro-inflammatory processes, however this link is not fully understood. While ELA in humans has been associated with elevated inflammatory C-reactive protein and IL-6 in late childhood (age 10) ([@bib0665]), inflammatory markers during late childhood and adolescence do not consistently predict later episodes of depression ([@bib0170], [@bib0665]). That said, Miller and Cole ([@bib0500]) recently reported that female adolescent women exposed to ELA expressed higher levels of IL-6 that forecasted depression 6 months later. In patients with schizophrenia, 40% of individuals displayed increased microglial activation and inflammatory cytokine mRNA expression in the dorsolateral PFC, with the greatest effect in those who had been most recently diagnosed, suggesting inflammation might be an early causative factor. It is also likely that the subset of patients with schizophrenia who also displayed an inflammatory profile represented a unique population that had undergone ELA, since patients with childhood trauma---but not those without such experience---reportedly have heightened inflammatory markers than healthy controls ([@bib0210]). However, these inflammatory changes do not reveal a mechanism for the delayed manifestation of illnesses like depression and schizophrenia after ELA. It is possible that the late and protracted development of the prefrontal cortex (PFC)---which is not fully mature until early adulthood ([@bib0285])---delays the full impact of a sensitized immune response after ELA on affective control.

In a rodent model, we have observed that maternal separation ELA leads to a loss of PFC interneurons ([@bib0070]), which is a purported mechanism of schizophrenia that is linked to inflammatory and excitotoxic damage ([@bib0045]). We have also observed that rats exposed to maternal separation display deficits in PFC-mediated behaviors such as learned helplessness ([@bib0435]), social interaction ([@bib0360]), and working memory ([@bib0075]) in adolescence, with increased peripheral levels of the inflammatory cytokines IL-β and IL-6 ([@bib0740]). It is possible that development of the neuroinflammatory response partially underlies the delayed effects of ELA, since maternal separation in rats was shown to yield neuroinflammatory changes in the PFC that correlated with interneuron deficits and manifested in adolescence, but not before ([@bib0070]). Specifically, the neuroinflammatory mediator cyclooxygenase-2 (COX-2) was upregulated in the PFC in adolescent males, and PFC interneuron loss was prevented with pre-adolescent COX-2 inhibition ([@bib0070]). ELA-exposed males did not display this increase of COX-2 in juvenility. Since these changes co-occurred with altered glutamatergic NMDA receptor expression ([@bib0740]), we hypothesize that aberrant glutamatergic innervation from subcortical regions during adolescence could play a role in increased neuroinflammatory activity within the PFC. Indeed, ELA has been shown in several species to induce a dysbalance between inhibitory and excitatory signaling in the PFC ([@bib0065]). Both depression and schizophrenia in humans have been attributed to both dysfunctional glutamate signaling and related inflammatory mechanisms ([@bib0540], [@bib0525]). Furthermore, microglia contribute to inflammatory mechanisms through glutamate release and may be overactivated in a sensitized state after ELA.

Rodent investigations of behavior and neuroanatomy and functional connectivity studies in humans have shed some light onto how corticolimbic development after ELA might yield age-dependent vulnerability to neuroimmune activity. These studies have revealed that PFC connections with subcortical limbic structures such as the amygdala are immature during childhood and become adult-like during adolescence ([@bib0180], [@bib0280]). However, development of other corticolimbic circuits, such as that of the PFC-nucleus accumbens projections in rodents, have been reported to display transient changes during adolescence that are different from both juveniles and adults ([@bib0080]). The interplay of altered glial programming in early-developing structures with the later maturation of interconnected regions is largely unknown. However, given the complexity of these intersecting trajectories it is not surprising that lifelong effects of ELA are mediated by the time of exposure as well as the time of assessment.

ELA from childhood neglect has also been associated with later alterations in reward processing in humans ([@bib0520]). Reactivity of the nucleus accumbens ([@bib0295]) and other basal ganglia regions ([@bib0490]) in response to emotion or reward is reduced in ELA-exposed teenagers. These effects on reward circuitries are likely due to altered trajectories of connectivity with cortical regions, such as the premature maturation of cortical-amgydala functional connectivity seen after maternal deprivation in rodents ([@bib0275]). We know of no direct investigations into neuroimmune effects from ELA on reward-related regions. However, recent observations in rats raised with *enhanced* maternal care through an early handling paradigm reveal early glial programming in the nucleus accumbens ([@bib0645]). Specifically, early short-term handling protected rats from later morphine-induced microglial activation within the nucleus accumbens, through an anti-inflammatory mechanism. Microglial activation in reward-related areas has been associated with heightened drug-associated conditioning ([@bib0645], [@bib0755]), drug-seeking, and drug-induced neuroplasticity ([@bib0415]) in rodents. Astrocyte activity in the nucleus accumbens was also shown to mediate drug reward in mice ([@bib0545]). Moreover, changes in innate immune gene expression have been proposed to directly contribute to the development of addiction through cortical hyper-excitability ([@bib0175]), which is exacerbated during adolescent development ([@bib0080]). Whether ELA shifts cortical excitatory signaling earlier is not known, however related studies examining prefrontal-amygdala connectivity in previously institutionalized children suggest that other glutamatergic connections with the PFC do indeed develop earlier than in controls ([@bib0705], [@bib0710]). Inflammatory processes thereby likely interact with developing connectivity to contribute to the association of ELA with earlier manifestation of addictive behaviors, e.g. the 2- to 4-fold increase in the likelihood of illicit drug use by age 14 ([@bib0230]).

As reviewed by [@bib0715], once environmental exposure occurs, it modifies the architecture of the circuit in such a way that certain patterns of future activity are preferred ([@bib0400]). We acknowledge here that ELA occurs at a time when the brain is learning how to adapt to its lifelong environment. As these modifications develop, the brain encounters developmental time-points that require particular function. Mental illness or dysfunction may arise if the trajectory of the brain has left it unprepared for transient changes during early through late adolescence. This concept was presented in Greenough\'s "experience-expectant" model ([@bib0310]), whereby the brain expects and "waits" to interact with the environment by shaping itself based on early experiences during critical periods. Here we have reviewed evidence that neuroimmune development plays an important role in such programming after ELA.

5. Neuroimmune mechanisms underlying sex differences {#sec0035}
====================================================

Measuring developmental and life-long effects of ELA exposure produces a moving baseline from which to gauge anatomical and functional differences. Therefore the addition of sex as a factor in developmental studies is challenging. While some animal studies report stronger effects of maternal separation ELA in females on measures such as HPA axis responsivity ([@bib0220]), others report a stronger effect in males ([@bib0420]) on measures such as catecholamine fiber density. When accounting for sexually dimorphic moderators like HPA responsivity ([@bib0390]), neuroimmune development ([@bib0640]), and rates of circuitry maturation ([@bib0075]), it becomes clear that the idea of one sex being resilient or vulnerable to ELA is oversimplified.

5.1. Sex differences in HPA responsivity and stress coping {#sec0040}
----------------------------------------------------------

Sex differences in the effects of ELA on HPA responsiveness have been reported. For example, ELA was found to yield higher cortisol levels in females only, both immediately after maternal separation ELA in infant monkeys ([@bib0615]) and in adolescence after ELA in humans ([@bib0095]). Furthermore, only in females was increased HPA activity during childhood shown to predict lower functional connectivity between the amygdala and PFC and internalizing symptoms ([@bib0095]). These data have been interpreted as a greater sensitivity to the neuroendocrine effects of ELA in females ([@bib0220]). However, it is interesting to note that in rats, stress exposure in adolescence yielded increased microglial activation and neuroinflammation in males, but not females ([@bib0575]), suggesting a sex difference in inflammatory response to glucocorticoids.

5.2. Sex differences in glial programming and neuroinflammation {#sec0045}
---------------------------------------------------------------

Few studies have directly investigated the sex-specific effects of ELA on immune programming. As [Table 2](#tbl0010){ref-type="table"} illustrates, human studies of inflammatory changes after ELA often include both sexes, but typically do not assess sex differences (likely due to limited participants of each sex). Animal studies of ELA have traditionally focused on male models, however a small number of reports have emerged that suggest sexually dimorphic developmental changes after ELA. For example, we recently reported that maternally separated female rats displayed earlier changes in PFC inhibitory interneurons, with concurrent social interaction deficits after maternal separation; male deficits were seen as well, only later in adolescence ([@bib0360]). Male deficits were correlated with increases in COX-2 in the PFC, yet ELA-exposed females did not display COX-2 effects ([@bib0360]). We also observed in preliminary studies that maternally separated males, but not females, displayed higher circulating levels of pro-inflammatory cytokines during pre-adolescence that predict later cognitive dysfunction (unpublished observations). Additionally, [@bib0135] reported decreased glial cells (type unspecified) in the basal ganglia of maternally separated juvenile males, but not females.

Interestingly, microglial colonization of the brain occurs much earlier in males than in females in several regions including the parietal cortex, hippocampus, and amygdala ([@bib0650]). It has been proposed that sex differences in the colonization and function of glia within the normal developing brain may contribute to distinct windows of vulnerability between males and females ([@bib0640]). One might hypothesize that early stress exposure during a period when microglia have colonized these regions in males but not females could lead to preferential sensitization of the neuroimmune response in males, however this has not been determined.

Further supporting evidence of sexually-dimorphic glial programming is gleamed from work by Bilbo and colleagues, who reported that males were more sensitive than females to the long-term effects of early-life immune challenges ([@bib0060], [@bib0640]). Therefore, males may be more vulnerable than females to the inflammatory consequences of ELA. By adolescence in many species glial activation is greater in typically-developing females, and peripheral inflammatory responses are reportedly more robust in females than males (reviewed by [@bib0395], [@bib0640]). Whether or not ELA or subsequent challenges can impact this dimorphism is not known. In contrast to the above evidence suggesting that males are preferentially affected by ELA via glial mechanisms, a separate study reported that in prenatally-stressed mice, sex-specific hippocampal glial decreases were found only in juvenile female but not male offspring ([@bib0040]). As seen in [Table 1](#tbl0005){ref-type="table"}, [Table 2](#tbl0010){ref-type="table"}, and as discussed in the previous section, other studies investigating adult females have indeed shown inflammatory changes after ELA \[e.g., [@bib0500]\]. These inconsistencies are likely due to the timing, duration, and type of ELA assessed. Indeed, sexual dimorphism has also been observed in circuitry changes after ELA, which can lead to differential vulnerability to neuroinflammation over development. For example, ELA in humans has been shown to decrease amygdala-hippocampus functional connectivity in adolescent females, but not males ([@bib0355]). Amygdala development is in particular flux during adolescence, completing a shift from positive to negative functional connectivity with the PFC ([@bib0280]). Therefore a female-specific effect in the adolescent amygdala is noteworthy when considering potential impacts of ELA and subsequent stress exposure.

Taken together, we present the perspective that males and females might be impacted by ELA differently, with females more vulnerable to early neuroendocrine-induced changes in corticolimbic circuitry, and males more vulnerable to later neuroinflammation, possibly through microglial sensitization. These ideas are entirely understudied and currently speculative, however they highlight the importance of parsing mechanistic changes based on sex and development, and of questioning why these sexually dimorphic responses would exist.

6. Future directions and conclusions {#sec0050}
====================================

Here we have reviewed the converging evidence that ELA can deleteriously suppress normal inflammatory and neuroinflammatory processes during early development, which may lead to a sensitized immune response and heightened neuroinflammation later in life. [Fig. 1](#fig0005){ref-type="fig"} illustrates a simplified hypothetical schematic of how development of the ELA-exposed brain is influenced by neuroimmune and neuroendocrine actions. Both age and sex of an individual can influence the impact of neuroinflammation, since males and females display different time-courses of glial development, proliferation, and colonization. Since neuroinflammation involves aberrant glutamate signaling, altered monoamine synthesis, and synaptogenesis, immune sensitization directly influences circuitry development, which itself is altered after ELA through separate neuroendocrine mechanisms. Concurrently, neuroinflammation causes oxidative damage and excitotoxicity that can directly impair normal development, which also will have discrete impacts on behavior in separate sexes and ages.Fig. 1Hypothetical schematic showing neuroimmune and neuroendocrine influences over development after ELA. Microglial activity is aberrantly suppressed during ELA (illustrated as freezing). Early neuroimmune dysfunction leads to a heightened neuroimmune response later in life (illustrated as heat), which impacts developing corticolimbic circuitries. Concurrently, HPA activity is aberrantly overactivated during ELA (which is more pronounced in females). This leads to a hypersensitivity of the HPA axis later in life which impacts both immune activity and corticolimbic function---themselves developmentally dynamic. Grayed arrows depict immature connections that can be programmed through immune and neuroendocrine influences; bold arrows depict maturing connections that can cause latent behavioral changes after ELA.

Revisiting the philosophy that brain development aims to meet the demands of each stage-specific environment, we see here how ELA derails the typical trajectory. On a psychosocial level, children that are exposed to threatening or negligent environments are met with two forces on their development: First, the stress coping mechanisms in place during early development are over-activated, leading to long-term changes that may be evolutionarily ideal for survival in similarly threatening later life environments, but are not ideal for typical adolescent and adult challenges. Second, neuroimmune systems that are vulnerable to stress during early life are damaged at a time when they are necessary for circuit formation. Therefore, when encountered with day-to-day challenges (i.e., a need for new decision-making in adolescence), the circuits in a severely ELA-exposed brain are---at best---wired for a very different type of challenge or---at worst---mis-wired and dysfunctional.

Given the remarkable plasticity of the brain we expect that many of the deleterious effects of ELA can be treated with interventions that account for gender and target neuro-immune interactions over the lifespan. Notably, targeted prevention---not just treatment, should be a high priority goal of research. ELA exposure may yield a vulnerable population with neurodevelopmental deficits that can particularly benefit from interventions aimed at the mechanisms we review here, possibly during a sex-dependent critical period.
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[^1]: ^a^ Fifteen-minute maternal separation is typically referred to as handling, which can induce increased maternal behavior and have opposite effects from ELA; however in this paradigm, a highly stress-reactive mouse strain was used which displays heightened corticosterone release in response to this type of separation.

[^2]: ^b^ In this paradigm, pups were also separated from bedding and were not thermoregulated, thus this was presented as ELA.
